Any general model of population genetics must be able to accommodate observations both of standing variation (polymorphism) and of evolutionary history (divergence). Interpretation of the connection (or lack thereof) between these two kinds of data impinges directly on our ideas of evolutionary mechanism. Studies of the alcohol dehydrogenase locus (Adh) in Drosophila melanogaster and its close relatives provide what is perhaps our most detailed description of variation and evolution of a gene at the molecular and phenotypic levels.
Any general model of population genetics must be able to accommodate observations both of standing variation (polymorphism) and of evolutionary history (divergence) . Interpretation of the connection (or lack thereof) between these two kinds of data impinges directly on our ideas of evolutionary mechanism. Studies of the alcohol dehydrogenase locus (Adh) in Drosophila melanogaster and its close relatives provide what is perhaps our most detailed description of variation and evolution of a gene at the molecular and phenotypic levels.
There is abundant evidence that two common electrophoretic variants in D. melanogaster populations caused by a threonine (Fast)/lysine (Slow) polymorphism at codon 192 have different biochemical properties and are currently under some form of variable selection (reviewed in Powell 1997) . Other polymorphisms at the locus may also be current targets of natural selection (Berry and Kreitman 1993) , and epistatic effects among some of these polymorphisms must be considered (Stam and Laurie 1996) . Molecular population genetic studies of Adh have revealed at least four interesting patterns. First, some fraction of the amino acid evolution in the melanogaster subgroup has been caused by natural selection (McDonald and Kreitman 1991) . Second, a peak of excess silent polymorphisms is found at nucleotide sites that are closely linked to the Fast/ Slow polymorphism in D. melanogaster. The excess polymorphisms are incompatible with neutral molecular evolution; however, a model of balancing selection fits the data well (Kreitman and Hudson 1991) . Third, the Fast electromorph in D. melanogaster appears to have increased in frequency in the recent past, as Fast haplotypes harbor little silent polymorphism and show little sequence divergence from Slow haplotypes (Kreitman 1983; Aquadro et al. 1986 ). Finally, correlated evolution of particular sites among different lineages suggests that epistatic selection acts on some property of Adh transcripts (Parsch, Tanda, and Stephan 1997) . One message from these molecular analyses is that the evolutionary history of Adh is as complex as it is interesting.
Despite the wealth of accumulated knowledge about Adh polymorphism and divergence, several questions remain. One of the mysteries associated with Adh nucleotide variation in D. melanogaster is the observation by Kreitman and Aguadé (1986) and Kreitman and Hudson (1991) that the Slow allozyme class shows ''excess'' DNA polymorphism. This is difficult to explain if all nonneutral patterns of nucleotide variation in D. melanogaster are caused by balancing selection on the Fast/Slow polymorphism (Kreitman and Hudson 1991) . The fact that the Fast haplotypes are of very recent origin (Kreitman 1983; Aquadro et al. 1986 ) also presents some problems for the simple hypothesis of ancient balancing selection acting on the Fast/Slow site. Despite these uncertainties and despite the caveats of Kreitman and his collaborators that some aspects of the data are not easily reconciled with the hypothesis that the Fast/Slow polymorphism is an ancient balanced polymorphism (Kreitman and Aguadé 1986; Kreitman and Hudson 1991) , the Adh data have entered the literature as a ''textbook'' example of ancient balancing selection (e.g., Li 1997; Powell 1997; Futuyma 1998) . Currently available Adh sequences are primarily from nonAfrican populations of D. melanogaster. Given the evidence that non-African populations are only recently derived from African populations (David and Capy 1988; Hale and Singh 1991; Begun and Aquadro 1993) , we thought that new insights regarding the history of Adh in D. melanogaster might be gleaned from sequence data from African populations. Because these data are a new sample from nature, another advantage is that they can be used to test specific hypotheses raised from previous analyses (Kreitman and Hudson 1991) .
We sequenced part of the transcriptional unit of 10 randomly sampled Adh genes from Zimbabwe ( fig. 1 ). These alleles were obtained from isochromosomal lines or by sequencing single copies of Adh from isofemale lines that were made hemizygous over the Df(2L)Sco7 deficiency. Lines designated by ''k'' are from Karibe; lines designated by ''h'' are from Harare. Sequencing reactions were performed directly on PCR products, run on an ABI 377 automated sequencer, and analyzed with DnaSP (Rozas and Rozas 1997) . The sequences span coordinates 735-1683 (coordinates follow Kreitman 1983); they contain the entire coding region (exons 2, 3, 4), the two small introns (introns 1 and 2), and part of the larval leader sequence. The polymorphisms detected in this region are displayed in figure 1 ; the data of Kreitman (1983) and Laurie, Bridgham, and Choudhary (1991) are also shown for comparison.
As we might have expected given previous allozyme surveys of African populations (Singh, Hickey, and David 1982) , all 10 Zimbabwe alleles belonged to the Slow electrophoretic class (i.e., they were lysine at codon 192). Estimates of per site (Watterson 1975 ) at silent ϩ noncoding sites for the Zimbabwe and Kreitman samples were 0.0071 and 0.0079, respectively. One haplotype class, designated ZimS in subsequent discussion, is monomorphic and present at high frequency (4/ Kreitman (1983) , and the last 4 lines are those of Laurie, Bridgham, and Choudhary (1991) . The region sequenced spans coordinates 735-1683, where exon 2 spans coordinates 778-876, intron 1 spans coordinates 877-941, exon 3 spans coordinates 942-1346, intron 2 spans coordinates 1347-1416, and exon 4 spans coordinates 1417-1683 (Kreitman 1983) . At the top of the panel, the coordinates of polymorphic sites are shown. The line below the coordinates displays the variants at polymorphic sites found in strain k35. The dots below indicate identity with k35. The GenBank accession numbers of the Zimbabwe sequences are AF175211-AF175220.
10; k35, k37, k82, h18). Ignoring the Fast/Slow site, ZimS differs from the consensus sequence of the Fast allele (Kreitman 1983 ) at only two positions (position 816 in exon 2 and position 1443 in exon 4) and is identical to the consensus Fast allele at four nucleotide sites around the Fast/Slow replacement site at coordinate 1490 which typically vary en bloc between Fast and Slow alleles (see Kreitman's [1983] data in fig. 1 ). At these four nucleotide sites (coordinates 1452, 1518, 1527, 1557) , ZimS is identical to Ja-S and Ka27 (Laurie, Bridgham, and Choudary 1991) , Slow alleles that are at low frequencies in non-African populations. A slidingwindow analysis of silent heterozygosity ( fig. 2a) shows that our random sample of Zimbabwe alleles has a peak of silent polymorphism in the region of the Fast/Slow polymorphism, similar to that seen in Kreitman's (1983) worldwide sample of Slow alleles ( fig. 2b ). To determine whether this peak is statistically significant, coalescent simulations as described by Hudson (1990) were used to determine the 95% confidence interval (0.006-0.041) of for silent ϩ noncoding sites for the 10 Zimbabwe alleles. We then estimated in the Zimbabwe sample for windows of 200 and 100 bp centered on the nucleotide responsible for the Fast/Slow polymorphism in the worldwide sample of Adh (Kreitman 1983) . These estimates, 0.044 and 0.067, respectively, both fall outside the 95% confidence interval, and for the 100-bp window falls outside the 99% confidence interval. This supports the idea that among a sample of Zimbabwe Slow alleles, there is significantly more polymorphism in the region of the Fast/Slow polymorphism than expected based on the average for the region. These data strengthen the notion that excess silent polymorphism near site 1490 in exon 4 arose prior to the origin of the threonine mutant (Fast allele) at position 1490.
We can also take advantage of these newly sequenced alleles to carry out hypothesis goodness-of-fit tests of the polymorphism and divergence in different parts of the Adh locus in the Zimbabwe sample, vis-à-vis the neutral model. We divide up the data from Zimbabwe and the Kreitman sample for the sites surveyed in both studies into two regions. The first region is the ''peak,'' defined as a window of 200 bases centered on the site of the Fast/Slow polymorphism; the second region is the remainder of the sequenced region on both sides of the peak. We include intron sites and silent sites in the analysis. Therefore, there are six observations; polymorphism and divergence, peak and nonpeak, and Zimbabwe and Kreitman (table 1). We evaluate the goodness of fit of the data to three different models. In model 1, we estimate the expected values of the six observations with a model that allows for different values for Zimbabwe versus Kreitman and different values for peak versus nonpeak regions. Model 2 imposes the same for the peak and the nonpeak regions and allows for different values for the two population samples. Model 3 is the same as model 2 except that the observed and expected values for the two population samples are pooled. Table 1 shows that model 1 provides a very good fit to the data, while models 2 and 3 do not. These results imply that the peak of polymorphism near the Fast/Slow site is paralleled by a peak of divergence; this pattern is present in both the Zimbabwe sample and 
E(S) and E(D)
are the expected numbers of polymorphisms and differences, respectively, under neutral models 1-3. The number of sites surveyed (silent ϩ intron) in the peak region was 71, while the number sites surveyed in the nonpeak region was 291. Expected values of polymorphism and divergence under neutrality were estimated according to Hudson, Kreitman, and Aguadé (1987) . See text for descriptions of models 1-3. NS ϭ not significant. the Kreitman sample. Importantly, there are no Fast alleles in the random sample of the Zimbabwe population. A reasonable interpretation from these analyses is that the excess polymorphism near the Fast/Slow site has nothing to do with the Fast/Slow polymorphism and that polymorphism and divergence in the peak region is compatible with the polymorphism and divergence data from the remainder of the coding region of Adh under the neutral model. This does not mean that we have falsified the hypothesis that the Fast/Slow polymorphism is an old, balanced polymorphism. We simply point out that it is by no means clear that this is the only interpretation of the data. Note that our result for the Kreitman sample is different from that of Kreitman and Hudson (1991) because we divided the data up differently and because there were fewer sites analyzed in our study than in theirs. However, it is also worth noting that even in the much larger data set of Kreitman and Hudson (1991) , the HKA result for Adh coding region versus Adh 5Ј-flanking region was only marginally statistically significant. Kreitman and Hudson (1991) suggested that the excess variation within their Slow sample could be explained by the presence of the highly diverged Wa-S/Fl-1S haplotype. We found, however, that a sliding-window analysis excluding Wa-S/Fl-1S also reveals a peak near the Fast/ Slow site (not shown). This peak is attributable to the Ja-S allele, which differs from the other Slow alleles at a number of sites in exon 4 ( fig. 1 ). This suggests that both the Wa-S/Fl-1S haplotypes and the Ja-S allele (which is nearly identical to ZimS) contribute to the excess variation observed in and around exon 4 of the Kreitman Slow alleles. The Slow alleles from Zimbabwe are not obviously divisible into two classes analogous to the Wa-S/Fl-1S versus other Slow alleles. Therefore, an important conclusion from these analyses is that attempts to account for excess variation within Slow alleles as a historical artifact of the Wa-S haplotype are overly simplistic. Additional sampling and modeling of African Adh sequence variation will be required to formulate better population genetics models for this ''textbook'' locus.
The Zimbabwe Adh alleles (all of which are Slow) are about as variable as Kreitman's ''worldwide'' sample of Adh alleles. This pattern stands in contrast to that seen at several other genes at which Zimbabwe samples were considerably more variable than samples from other locations (Begun and Aquadro 1993) . Nevertheless, the patterns of variation in Zimbabwe and non-Zimbabwe samples at Adh are not unprecedented. The Acp26Aa (Tsaur, Ting, and Wu 1998) and cecropin (Clark and Wang 1997) loci also show roughly equal levels of variation and mostly shared polymorphisms in Zimbabwe and non-Zimbabwe populations. One possible explanation for such differences among loci is that natural selection has played an important role in determining the distribution of variation in Zimbabwe versus non-Zimbabwe populations. For example, perhaps at some loci only a subset of the African variation was suitable for colonization of other regions (e.g., David and Capy 1988) ; such loci would be expected to have less variation in non-African populations. It is notable that the pattern of non-African variation, being a subset of African variation, is seen at all of the X-linked genes located in areas of normal recombination (Begun and Aquadro 1993) , while the genes showing similar molecular variation in Zimbabwe and non-Zimbabwe populations are autosomal. Additional data will be required to determine if this trend is a general one. The role of inversion polymorphism in determining the distribution of nucleotide polymorphism in melanogaster populations from Zimbabwe versus melanogaster populations from other locations also remains to be determined.
